Transmission between hosts is required for the maintenance of parasites in the host population and determines their ultimate evolutionary success. The transmission ability of parasites conditions their evolution in two ways: on one side, it affects the genetic structure of founded populations in new hosts. On the other side, parasite traits that increase transmission efficiency will be selected for. Therefore, knowledge of the factors and parameters that determine transmission efficiency is critical to predict the evolution of parasites. For plant viruses, little is known about the parameters of contact transmission, a major way of transmission of important virus genera and species. Here, we analyze the factors determining the efficiency of contact transmission of Tobacco mosaic virus (TMV) that may affect virus evolution. As it has been reported for other modes of transmission, the rate of TMV transmission by contact depended on the contact opportunities between an infected and a noninfected host. However, TMV contact transmission differed from other modes of transmission, in that a positive correlation between the virus titer in the source leaf and the rate of transmission was not found within the range of our experimental conditions. Other factors associated with the nature of the source leaf, such as leaf age and the way in which it was infected, had an effect on the rate of transmission. Importantly, contact transmission resulted in severe bottlenecks, which did not depend on the host susceptibility to infection. Interestingly, the effective number of founders initiating the infection of a new host was highly similar to that reported for aphid-transmitted plant viruses, suggesting that this trait has evolved to an optimum value.
During the last 30 years, important efforts have been made to model the evolution of parasites, since understanding parasite evolution is necessary to develop sustainable strategies for the control of infectious diseases and to anticipate, prevent, and control new emergences. This is particularly so in the case of RNA viruses, which make up the largest fraction of emerging pathogens of humans, animals, and plants (6, 24, 47) . Experimental work has not followed the pace of theory, and there is a paucity of information on the values of key parameters in evolutionary models, on the relationship among various parameters, and on the applicability of model assumptions. Data on parameters related to virus transmission are particularly scant, despite the fact that horizontal transmission is a critical step of the infective cycle of parasites. Indeed, between-host transmission and within-host multiplication are the two main components of parasite fitness, and thus, knowledge on the rates of transmission and multiplication and on the relationship between the two parameters is required to understand parasite evolution. Most models of parasite evolution consider that within-host multiplication and between-host transmission are linked traits, so that parasites must multiply up to a certain level for transmission to occur and that rates of transmission are positively correlated with rates of multiplication, at least within a range of values (14, 17, 32, 33) . Although this is a reasonable assumption, its experimental support for plant viruses derives from a limited number of systems that represent few transmission mechanisms (see below). Also, since viruses may multiply to very high levels within the infected hosts, virus evolution has often been analyzed using purely deterministic models in which selection is considered to be the primary evolutionary factor acting on virus populations (9, 10) . However, the relevant evolutionary parameter is not the total number of individuals in the population but the effective population number (N e ), which can be grossly assimilated to the number of individuals that pass their genes to the next generation. At small N e values, random genetic drift will predominate over selection (7) . The occurrence of population bottlenecks during the virus life cycle will result in the reduction of N e , hence the interest in identifying and quantifying these bottlenecks. Population bottlenecks may occur when a new virus population is initiated by horizontal transmission, resulting in a type of genetic drift known as the founder effect, given that the new virus population is initiated from a small number of genotypes randomly sampled from the mother population. It has been shown that severe population bottlenecks may occur during horizontal transmission of plant viruses, as infection of a new host may be started by just a small number of individuals (12, 27) . Once again, however, this information derives from just a few systems that represent only one of the various possible mechanisms of plant virus transmission.
In nature, plant viruses are horizontally transmitted either by contact or by means of vectors. Transmission by aphids, which vector the highest number of virus genera, has been best analyzed. The relationship between virus accumulation in the source leaf and transmissibility by aphids has been analyzed for a number of systems, showing that both traits, as assumed in evolutionary models, are positively correlated (3, 13, 16, 29) . It has also been shown that nonpersistent transmission by aphids results in stochastic effects in the composition of the transmitted population (1), thus indicating the existence of founder effects due to the low number of particles transmitted. Accordingly, the effective number of founders (N ef ) after aphid transmission has been estimated to be on the order of units (4, 37) . In contrast, little is known about the parameters of transmission by contact, despite the fact that this is the major way of transmission during field epidemics of important viruses in genera such as Tobamovirus, Potexvirus, and Hordeivirus (15) . The little attention paid to contact transmission may be explained by the general assumption that it should not be essentially different from experimental mechanical inoculation, which is a routine technique in plant virology for transferring virus populations to new hosts. Mechanical inoculation consists of applying a suspension of viral particles or RNA (for viruses with a single-stranded RNA genome of messenger sense) on the leaf surface, in which infection occurs after the leaf is gently rubbed. Early work by plant virologists extensively analyzed the process of mechanical inoculation (reviewed in ref- erence 20) . However, no attempts have been made to analyze if these results could be applied to understand the nature of contact transmission.
The goal of this work is to characterize the evolutionarily relevant parameters of contact transmission of plant viruses. We used experimental populations of Tobacco mosaic virus (TMV) to address two major questions: (i) if the rate of contact transmission is positively correlated with virus accumulation in the source leaf and (ii) if contact transmission results in population bottlenecks leading to founder effects. Our data show that the rate of transmission does not depend primarily on the virus titer in the source leaf. We also show that contact transmission results in severe population bottlenecks.
MATERIALS AND METHODS
Biological material and virus inoculations. Two TMV genotypes were used: wild-type TMV (wt TMV) and the coat protein mutant P20L-TMV, which has the transition C5656U, resulting in the amino acid replacement P 3 L at position 20 of the coat protein. These TMV genotypes were derived from biologically active cDNA clones that have been described elsewhere (8) and were a gift of W. O. Dawson and J. N. Culver. Infectious RNA was transcribed from these clones with T7 (for wt) or SP6 (for P20L mutant) RNA polymerase as previously described (8) and was inoculated into Nicotiana tabacum cv. Samsun plants suspended in 0.1 M Na 2 HPO 4 . Virus particles were purified from plants infected with RNA transcripts as described previously (5) . Virus suspensions in 10 mM sodium phosphate buffer (pH 7.2) were used for further inoculations. Two tobacco genotypes were used: Samsun, which is fully susceptible to systemic infection by TMV, and Xanthi-nc, which is hypersensitively resistant to TMV infection, thus showing necrotic local lesions (nlls) around infection foci. All plants were kept in a greenhouse at 20 to 25°C with 16 h of light.
Detection of TMV genotypes and quantification of their accumulation in infected tobacco leaves. TMV genotypes present in individual nlls were detected in lesion prints on nylon membranes that were hybridized with 5Ј 32 P-labeled oligonucleotide probes specific for each TMV genotype. The genotype-specific oligonucleotide probes used for these analyses and hybridization conditions have been described previously (44) . Virus accumulation was quantified as viral RNA accumulation. Total RNA was extracted from 0.2 g (fresh weight) tobacco leaves (36) and resuspended in 50 l of distilled water. Viral RNA in each sample was quantified by dot blot hybridization with genotype-specific 32 P-labeled oligonucleotide probes. In each blot, internal standards for each genotype were included as a 2-fold dilution series of purified RNA (2 to 0.015 g) in nucleic acid extracts from noninoculated tobacco plants, as described previously (44) . Total RNA of mock-inoculated tobacco plants was used as a negative control. Different amounts of nucleic acid extracts of each sample were blotted to ensure that the hybridization signal was in the linear portion of the RNA concentration-versushybridization signal curve. The RNA hybridization signal was detected using a Typhoon 9400 scanner (GE Healthcare, Chalfont St. Giles, United Kingdom) after exposure of the labeled samples to Eu 2ϩ -containing phosphor screens and was quantitated using Image-Quant (version 5.2) software (Molecular Dynamics, GE Healthcare).
Statistical analyses. All the statistical analyses are described in references 40 and 45. Means were compared by the nonparametric Wilcoxon signed rank test. Correlation between data was analyzed by the nonparametric Spearman rank correlation test, and significance was obtained from 1,000 random pairings of data. Analyses of variance (ANOVAs), general linear models (GLMs), and Student-Newman-Keuls post hoc contrasts of means were calculated using the software Statgraphics Centurion XV (StatPointTechnologies, Warenton, VA). Data were transformed when necessary in order to meet the assumptions for parametric analyses.
RESULTS
Efficiency of contact transmission under controlled conditions. Contact transmission between plants was simulated by brushing one leaf of a recipient plant with an infected source leaf. Source leaves were collected from Samsun tobacco plants systemically infected after inoculation with 600 ng of wt-TMV particles per leaf. Three types of source leaves were used: inoculated leaves (L0 leaves) collected either at 4 or at 7 days postinoculation (dpi) and the systemically infected second leaf above L0 (L2 leaves) collected at 10 dpi. Five leaves of each type, each from a different infected tobacco plant, were used to inoculate two sets of 20 5-week-old Xanthi-nc tobacco plants, with the recipient leaf always being the youngest fully expanded leaf of each plant. One set of plants was inoculated by brushing the recipient leaf once with the source leaf; the other set was inoculated by brushing the recipient leaf 10 times with the source leaf. In this way, the transmission efficiency during a single contact event (1 brush) and the transmission efficiency during a more prolonged contact (10 brushes) were compared. In each source leaf, TMV accumulation in the area that had been in contact with the recipient leaf was quantified. At 4 days postinoculation, the recipient Xanthi-nc tobacco leaves were collected and local lesions were counted.
The number of plants with nlls is a measure of the number of successful transmission events. Ten brushes always resulted in more plants infected than a single brush (Table 1) , and both values were positively correlated for each source leaf (Spearman correlation coefficient r S ϭ 0.80, P ϭ 0.003). In addition, the mean number of lesions was higher in recipient leaves brushed 10 times than in those brushed once (Wilcoxon signed rank test, P Յ 0.004; Table 1 ). No correlation was found between virus accumulation in the source leaf and either the number of plants with nlls or the mean number of nlls per recipient leaf (P ϭ 1 in both cases). The number of plants showing nlls was higher after they were brushed with the systemically infected source L2 leaves than with L0 leaves (P Ͻ 0.01; Table 1 ), although the viral titer in L2 leaves was significantly lower than that in L0 leaves (P ϭ 0.03; Table 1 ). Therefore, the number of successful transmission events depended on the number of contact opportunities between the source VOL. 85, 2011 CONTACT TRANSMISSION OF TOBACCO MOSAIC VIRUS 4975
and recipient leaves but not on the viral titer in the source leaf. Since systemically infected leaves were a more efficient source than inoculated leaves, factors other than contact opportunity, related to the nature of the source leaf, must also determine the efficiency of contact transmission: L2 leaves are younger than L0 leaves, which suggests that leaf age might be one such factor. Results also suggest that the mode in which the source leaf had been infected (directly inoculated or systemically infected) might be another factor. Source leaf factors that determine efficiency of contact transmission. In order to determine which factors associated with the nature of the source leaf affect its infectivity, an experiment was performed in which the effects of age and mode of infection of the source leaf (directly inoculated or systemically infected) were analyzed, together with the effect of virus titer. Two sets of three and eight plants, respectively, were inoculated (inoculation sets S1 and S2, respectively; Table 2), in order to obtain source leaves of different ages that had been infected either directly (L0 leaves) or systemically (L2 and L4 leaves, second and fourth leaves above L0, respectively). These source plants were inoculated with a lower viral dose than in the experiment described in the previous section (50 ng of virus particles of wt TMV per leaf), in order to promote variation of viral accumulation at the source leaves over a larger range of values. S2 plants were inoculated 6 days later than S1 plants, but in both cases plants were inoculated at the same age of 30 days. Since the tobacco leaf plastochron under our growing conditions is 3 days, the difference in age between two alternate leaves (L0 and L2 leaves or L2 and L4 leaves) was 6 days. This allowed us to use L0, L2, and L4 source leaves of the same and of different ages (Table 2 ) in a single transmission experiment, with inoculations of recipient leaves taking place at 16 and 10 dpi for S1 and S2 plants, respectively. Thus, the type of source leaf factor could be differentiated from the source leaf age factor. At the time of inoculation of source plants, L2 leaves were 4 days old and L4 a Two sets of three (S1) and eight (S2) Samsun tobacco plants were inoculated with a lag period of 6 days. Different symbols in each column indicate significant differences in Student-Newman-Keuls contrasts of means at 95% confidence.
b Age (days) of the source leaf L0, inoculated leaf; L2 and L4, 2nd and 4th leaves above the inoculated leaf, systematically infected at the time of the transmission experiment.
c Data are means Ϯ standard errors of three (S1) or eight (S2) source leaves. on June 27, 2017 by guest http://jvi.asm.org/ leaves would appear 2 days later. Systemic infection of those leaves may have happened at any time after 3 dpi (44), when both leaves had already started expansion. Therefore, we can assume that L2 and L4 leaves have been infected for the same period of time (a maximum of 13 days for inoculation set S1 and 7 days for inoculation set S2). Each source leaf was used to inoculate a set of 10 5-week-old Xanthi-nc tobacco plants by brushing 10 times their youngest fully expanded leaf. In each source leaf, virus accumulation in the area that had been in contact with the recipient leaf was quantitated. At 4 days postinoculation, the recipient Xanthi-nc tobacco leaves were collected and local lesions were counted. Viral accumulation in the source leaves was compared in a two-way ANOVA using type of leaf and inoculation set as factors. Viral accumulation differed significantly according to type of leaf (F 2,27 ϭ 9.77; P ϭ 6 ϫ 10 Ϫ6 ), and it was lower in the inoculated L0 leaves than in the systemically infected L2 and L4 leaves (Table 2 and Fig. 1A) . Also, viral accumulation was lower in L2 leaves than in L4 leaves. Viral accumulation was also significantly different according to inoculation set, and it was higher in S2 than in S1 (F 1,27 ϭ 7.78; P ϭ 0.01). There was no interaction between the two factors (P ϭ 0.66).
To analyze the effects of the different factors on the efficiency of transmission, the number of inoculated plants with nlls and the mean number of nlls per recipient leaf were analyzed using GLMs, in which the factors type of leaf (L0, L2, or L4 leaves), inoculation set (S1 or S2), and viral accumulation were included. Only the factor type of leaf had a significant effect on the number of infected plants (F 2,30 ϭ 3.84; P ϭ 0.03), and transmission was significantly less effective from inoculated leaves (L0 leaves) than from systemically infected L2 or L4 leaves (Student-Newman-Keuls contrast of means, P Ͻ 0.05). Hence, the number of infected plants was not dependent on viral accumulation or the inoculation set. The mean number of nlls in recipient leaves depended both on the type of source leaf and on viral accumulation in the source leaves, and the effect of these factors differed according to the inoculation set (F 7,25 ϭ 4.92; P ϭ 0.001, data not shown). For S1, L0 leaves (L0S1) were the least effective source leaves (P Ͻ 0.05; Table  2 and Fig. 1B) , while for S2, L4 leaves (L4S2) were the least effective ones and L2 leaves (L2S2) were the most effective ones (P Ͻ 0.05; Table 2 and Fig. 1B) . When S1 and S2 data are compared, significant differences were found only with L4 leaves (P Ͻ 0.05). L4S2 leaves were the youngest and least effective source ones, despite having the highest viral content ( Table 2 ). They were 8 days old when they were used as source leaves and not yet completely expanded, as shown by their smaller surface (Table 2 ). However, source leaf surface was not a significant factor on transmission efficiency when it was introduced in GLMs (data not shown).Therefore, efficiency of transmission depended on the age of the source leaf and on the way it was infected.
Estimation of effective number of founders starting an infection by contact transmission. The estimation of the number of founders starting an infection by contact transmission was based on the probability of segregation of two alleles in demes originated from a mother deme (44) . Given a source leaf that is infected by genotypes A and B with frequencies p sA and p sB , respectively, assuming that the probability of transmission of each genotype is given by its frequency in the source leaf and that both probabilities are independent (p sA ϩ p sB ϭ 1), the genetic composition of the transmitted viral population will be given by the binomial distribution ͑p sA ϩ p sB ͒ Nef . Hence, the probability P 0B that a plant that has been in contact with that source leaf is infected only by genotype A is given by the equation
N ef can be estimated from this expression by estimating p sA and P 0B experimentally. Conversely, the probability P 0A that a plant that has been in contact with that source leaf is infected only by genotype B is given by the expression
If genotypes A and B are not equally fit and selection occurs in coinfected leaves, the least-fit genotype can be lost before observation, and hence, the probability of no infection by that genotype can be overestimated. Therefore, the actual effective number of founders should lie between those obtained from equations 1 and 2. The transmission probability of each TMV genotype will depend on both its frequency in the source leaf and its transmissibility. In case both genotypes had different transmissibilities, it would be necessary to correct p sA and p sB accordingly (4).
FIG. 1. TMV accumulation (A) and efficiency of contact transmission (B) from different types of source leaves. (A) TMV accumulation in the source leaf. (B)
Mean number of nlls produced by the source leaf in 20 recipient leaves. Source leaves L0S1, L2S1, and L4S1 correspond to inoculation set S1, and source leaves L0S2, L2S2, and L4S2 correspond to inoculation set S2. Data are means and standard errors (error bars) from 3 (S1) and 8 (S2) plants.
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N ef can also be maximum likelihood estimated by comparing the observed frequencies of plants infected with either genotype A, genotype B, or both genotypes with those expected from the binomial distribution ͑p sA ϩ p sB ͒ Nef . To estimate the transmissibility of each TMV genotype, two sets of five Samsun tobacco plants were inoculated with 600 ng/leaf of either wt-TMV or P20L-TMV particles. At 4 dpi, the inoculated leaf of each plant was collected and used as the source leaf to inoculate the youngest fully expanded leaf of 20 Xanthi-nc tobacco plants by brushing them 10 times. In each source leaf, the wt-TMV or P20L-TMV accumulation in the area that had been in contact with the recipient leaf was quantified (Table 3 ). In the recipient leaves, nlls were counted at 4 dpi. The transmissibility for each TMV genotype was calculated as the ratio between the number of plants with lesions produced by each source leaf and the virus accumulation in that leaf and was not significantly different for the two different viral genotypes (P ϭ 0.46; Table 3 ). Therefore, N ef can be calculated from equations 1 and 2 with no need for correction for transmissibility.
To estimate P 0B and P 0A , eight Samsun tobacco plants were inoculated with equal amounts (600 ng/leaf) of wt-TMV and P20L-TMV particles. This inoculum dose was chosen on the basis of previous single-lesion infectivity experiments in which it was shown that the number of nlls induced in Xanthi-nc tobacco did not differ significantly between the two TMV genotypes at 300 ng/half leaf. At 4 dpi, the inoculated leaf of each plant was collected and used as the source to inoculate the youngest fully expanded leaf of 20 Xanthi-nc tobacco plants, as described above. In each source leaf, the wt-TMV and P20L-TMV accumulation in the area that had been in contact with the recipient leaf was quantified (Table 4 ). In the recipient leaves, nlls were counted at 4 dpi and the TMV genotype(s) present in each nll was determined. The number of plants showing nlls ranged from 3 to 13 per source leaf and was not correlated with virus accumulation in the source leaf (P ϭ 0.09; Table 4 ). The number of nlls per recipient leaf ranged from 1 to 15, with a mean of 3.7 (mean numbers per source leaf are shown in Table 4 ). P 0B and P 0A were calculated as the number of plants with lesions caused only by wt-TMV and only by P20L-TMV, respectively ( Table 4 ). The frequency of each TMV genotype in the source leaf (p sA and p sB ) was estimated from the fraction of wt-TMV or P20L-TMV RNA in the total viral RNA in each leaf (Table 4 ). The effective number of founders transmitted by contact was estimated from the data in Table 4 using equations 1 and 2 and was between 1.4 and 3.6, with a maximum-likelihood estimate of 2 (P ϭ 0.70). More than one virus particle may be involved in initiating an infection focus, as shown by the occurrence of nlls in which both TMV genotypes were present (Table 4) . Applying the same model used to estimate the effective number of founders that infect a leaf to the data on frequency of lesions with only one TMV genotype, the mean number of founders initiating an infection focus was estimated to be between 0.9 and 1.4, with a maximum-likelihood estimate of 1 (P ϭ 0.95). In nature, virus outbreaks occur only between susceptible plants and transmissibility of a virus could be different for susceptible (e.g., Samsun tobacco for TMV) and resistant (e.g., Xanthi-nc tobacco for TMV) plants. Since there is no information on a possible relationship between host susceptibility and effective number of founders, N ef was estimated in an experiment simultaneously and in a manner similar to that described above, using Samsun tobacco as recipient plants. It was shown that transmissibility to Samsun tobacco plants of wt-TMV and of P20L-TMV did not differ (P ϭ 0.35) and that for neither of them was it different from transmissibility to Xanthi-nc tobacco plants (P ϭ 0.50; Table 3 ). The genetic composition of the virus population in the recipient leaves of Samsun tobacco plants is shown in Table 5 . Once again, the number of infected plants was not correlated with the virus concentration in the source leaf (P ϭ 0.08; Table 5 ). P 0B and P 0A were calculated as the number of plants infected only with wt-TMV and only with P20L-TMV, respectively (Table 5) . Estimates of p sA and p sB were calculated as described above (Table 5 ). The effective number of founders transmitted by contact to a susceptible host estimated from the data in Table  5 according to equations 1 and 2 was between 1.3 and 3.3, with a maximum-likelihood estimate of 2 (P ϭ 0.72). Hence, the effective number of founders did not differ for a resistant and a susceptible host, although the efficiency of transmission to the susceptible host was higher (P ϭ 0.007; Tables 4 and 5 ).
DISCUSSION
In this work, factors involved in the efficiency of contact transmission of TMV were analyzed, as these factors may determine key parameters in virus evolution models. Direct contact between infected and noninfected hosts is an important way of transmission of animal and human viruses, and its efficiency may result in severe epidemics (11, 31, 35, 41) . Therefore, parameters related to contact transmission are included in epidemiological models aimed at predicting epidemic outbreaks or at assessing the effectiveness of control strategies (30) . Many plant viruses of economic importance for crops, such as Tomato mosaic virus, Pepper mild mottle virus, Potato virus X, and Pepino mosaic virus, are also transmitted by contact during the course of epidemic outbreaks, regardless of other mechanisms of vertical or horizontal transmission that may be relevant in outbreak initiation (15, 25) . However, the epidemics of contact-transmitted plant viruses have been scarcely studied (27) , and no attempt has been carried out to identify the relevant epidemiological and evolutionary parameters. Similarly, the analysis of the mechanisms involved in contact transmission of plant viruses has been neglected, as it has been considered a simple and passive phenomenon (20) . In addition, it has been assumed that contact transmission is essentially similar to mechanical inoculation, an experimental procedure that was extensively studied in the past (20) . In mechanical inoculation, the inoculum is rubbed on the leaf surface and the use of abrasives increases its efficiency. This is thought to be due to the generation of wounds that facilitate the direct contact of infectious particles with an infectible site, i.e., with a leaf cell whose transiently exposed protoplast is susceptible to infection (19, 25) . Contact transmission might differ from mechanical inoculation because the recipient leaf does not enter into contact with a suspension of virus particles but enters into contact with an infected source leaf from which infectious particles must be released, and the factors that favor inoculum release are unknown. Also unknown is whether contact between the source and recipient leaves results in the generation of transiently susceptible cells, similarly to leaf rubbing in mechanical inoculation. Because of these two uncertainties, the probability that an infectious viral particle encounters an infectible site in the recipient leaf during contact transmission might be largely different from that in mechanical inoculation. In our experiments, the efficiency of contact transmission, estimated to be the number of successful transmission events from a source leaf, was positively correlated with the number of contacts between the source and recipient leaves. This result suggests that during leaf contact, microwounds are produced in the surfaces of both leaves, which result in the liberation of infectious particles from the source leaf and in the induction of infectible sites in the recipient leaf, as it has been hypothesized (19, 25) . Although this result is not unexpected, it is highly significant: all epidemiological models of parasite evolution and dynamics assume that transmission rates are positively correlated with the number of contacts (direct or indirect) between infected and susceptible noninfected hosts (2, 26, 42) , and our result shows that this is a realistic assumption for TMV and, possibly, other contact-transmitted plant viruses.
A second relevant result is that the efficiency of TMV contact transmission, estimated to be the fraction of infected plants, was not a function of virus titer in the source leaf for the broad range of virus titers analyzed, which covered a 14-fold increase in virus accumulation (between 2.9 and 40.3 g TMV RNA/g fresh leaf tissue; Table 2 ). This is an unexpected result, and if it is general, it would set contact transmission widely apart from vector transmission. Indeed, it has been shown repeatedly that the rate of plant virus transmission by homopterous insect vectors is positively correlated with virus titer in the source leaf for virus titer ranges similar to those reported here (3, 13, 16, 29) . The consequences of this result for the analysis of virus evolution are also important: if rates of transmission are independent of within-host virus multiplication, the applicability of most models of virulence evolution to contact-transmitted plant viruses could be questioned. Indeed, most of the theory on evolution of virulence rests on the trade-off hypothesis, which assumes that within-host multiplication, between-host transmission, and virulence of parasites are positively correlated traits, among which trade-offs exist (17) . The underlying concept is that the parasite needs to multiply within the host to a level that allows its transmission to new hosts and that virulence would be an unavoidable consequence of the within-host multiplication of the parasite. In our case, such a correlation has not been found, although a marginal correlation (in one experiment out of four) was found between the number of infection foci in the recipient leaf and the virus titer in the source. Also, we obtained no evidence for a lower threshold of TMV accumulation below which contact transmission would not occur: efficient transmission was observed from source leaves in which the level of TMV accumulation was as low as 0.2 g RNA/g fresh tissue (data not shown). Thus, if there is a threshold of TMV accumulation below which contact transmission does not occur, it must be very low.
Interestingly, the efficiency of TMV contact transmission seems to be dependent on unsuspected factors associated with the nature of the source leaf. One such factor was the developmental stage of the source leaf, with younger leaves being less efficient source leaves than older ones. Age-associated changes in thickness, structure, and chemical composition of the cuticle (28, 39) might render older leaves more abrasive, thus increasing the opportunities for contact transmission. Our results also show that systemically infected leaves are better sources for TMV transmission than directly inoculated leaves, which could be related to the much more even virus invasion of the mesophyll in systemically infected leaves than in directly inoculated ones (21, 43, 46, 48) .
As it is the case for all other modes of viral transmission analyzed so far, contact transmission of TMV results in severe population bottlenecks. The N ef initiating a TMV infection after a contact transmission event is in the order of units (between 1 and 4), with 2 being the most likely estimate. This number imposes a severe bottleneck, since the number of TMV particles in a tobacco leaf may reach 10 7 to 10 9 (23, 34, 38) . The N ef after a contact transmission is similar to that reported for nonpersistent aphid transmission (N ef of about 1 for Potato virus Y [37] and between 1 and 2 for Cucumber mosaic virus [4] ) or for mite transmission (3, as estimated from reference 22). Mechanical inoculation also constitutes a severe bottleneck, with values of N ef being between 1.6 and 7, highly similar to those reported here (44) . All these estimates are based on similar probabilistic considerations, and future work should reexamine N ef estimates on the basis of deep sequencing analyses of the virus population in source and recipient leaves. However, current analyses are consistent in detecting severe population bottlenecks associated with horizontal transmission, which indicate that purely deterministic models of virus and virulence evolution should be modified to integrate the effects of random genetic drift. The effective number of founders that initiate an nll was estimated to be 1. This value agrees with older results from mechanical inoculation experiments that lead to the one particle-one site hypothesis of the initiation of infection (18, 19) . If an nll is initiated by a single genotype, comparison of the effective number of founders per leaf with the number of observed nlls per leaf indicates that most infection foci initiated during contact do not contribute to the genetic diversity of the TMV population within a leaf. In agreement with this hypothesis, the value of N ef did not depend on the susceptibility to transmission of the recipient host, which was much higher for Samsun than for Xanthi-nc tobacco plants, which suggests that N ef has evolved to an optimum value.
Thus, our results show unsuspected traits of contact transmission that differ widely from vector transmission: one is that the efficiency of contact transmission is not positively correlated with virus titer in the source leaf, and the other is the dependency of transmission efficiency on specific properties of the source leaf. The higher rates of transmission from mature, systemically infected leaves prompt us to speculate on a possible relationship between the rate of systemic host invasion and the rate of transmission for a contact-transmitted virus. Within the conceptual framework of the trade-off hypothesis of the evolution of virulence, which assumes that within-host multiplication and between-host transmissions are linked traits, it would thus be the rate of systemic host colonization rather than the within-leaf multiplication rate that is the within-host component of the viral fitness subject to selection. Future experiments will be required to verify this hypothesis.
